The Leaf Area Index (LAI) is an important indicator of vegetation development which can be used as an input parameter in hydrological and biochemical models (e.g. crop models for yield prediction and forecast) and is, thus, relevant information to monitor food production and to feed an early warning system for famine crisis. Satellite LAI data is available on a regular basis (high temporal resolution) with maps at regional or global scales (low spatial resolution). This study aimed at enhancing the spatial resolution of the MODIS LAI product to bring it to the Landsat resolution. The proposed method was applied in four sites with different climate and vegetation conditions. Regression analysis between MODIS EVI (Enhanced Vegetation Index) and LAI data was applied across time and the estimated regression equations were input in a downscaling model using Landsat EVI images and land cover maps. Comparison between the downscaled LAI values and LAI field measurements showed high correlation, with correlation coefficient values ranging from moderate (0.5 -0.7 in two cases) to high (0.7 -0.96 in five cases). The results show that it is possible to use this methodology to reliably estimate LAI at a 30m spatial resolution across various climates and ecosystems, thus supporting a food security early warning system.
INTRODUCTION
Food security requires information on food production retrieved from crop yield and vegetation condition at given time and spatial resolution for early warning [1] . Crop monitoring and crop yield estimation over a large area at a fine scale are critical from an environmental perspective as they provide essential information for decision-makers [2] . The Famine Early Warning Systems Network (FEWS NET) makes extensive use of satellite data to produce Vegetation Index (VI) images and achieve early detection of drought [3] . More recently the Earth Observation (EO) based services of the EC funded H2020 project "AfriCultuReS: Enhancing Food Security in African Agricultural Systems with the Support of Remote Sensing" (GA.: 774652) aim at feeding the GLAM crop model making use of satellite derived VIs. Additionally, AfriCultuReS aims at using satellite images to implement and demonstrate an integrated agricultural monitoring and early warning system devoted to Africa, that will support decision making in the field of food security. One of the most crucial products to be monitored during AfriCultuReS at different scales is the Leaf Area Index (LAI). LAI is an important input parameter in hydrological and biochemical models, describing vegetation development within an ecosystem [4] and is well correlated to VIs such as the Normalized Difference Vegetation Index (NDVI) or the Enhanced Vegetation Index (EVI) [5] . VIs estimated through EO data are widely used to map vegetation condition [6] . Monitoring of parameters relevant to vegetation allows detecting anomalies in plant growth due to water stress, drought condition, or devastating pests. In addition, LAI is used as input to crop models for yield prediction and forecast [7] and is, thus, relevant information to feed an early warning system for famine crisis. Mapping LAI using remote sensing methods has shown its value for enhancing food security.
LAI data can be acquired either through fieldwork or remotely, using satellite or airborne sensors. Measurement of LAI in the field is a laborious and costly process and can be achieved with direct (ground-based) or indirect methods [8] . LAI data should be acquired at the highest possible spatial resolution and temporal frequency, in order to accurately describe the development of vegetation. Satellite LAI data is provided on a regular basis by worldwide organizations such as FAO, ESA and NASA, offering LAI maps at regional or global scales, at high temporal frequency (8-days interval in the best case), but at low spatial resolution (equal or lower than 500 m). Thus, this study developed a methodology for enhancing the spatial resolution of MODIS LAI images from moderate to high, using regression analysis between LAI and EVI data.
MATERIALS AND METHODS

Study areas and data
River catchments located in Greece (Nestos, Mediterranean climate), Portugal (Tamega, warm temperate Mediterranean climate), the Netherlands (Rijnland, temperate oceanic climate) and Mozambique (Umbeluzi, warm tropical climate) were selected as study sites (Figure 1 ), providing high diversity of natural vegetation types and agricultural systems, due to the variety of climatic conditions present in each study area. Field measured LAI data was available for time-periods characteristic of the vegetation phenological stages.
Representative sites in each study area (22-39 locations) were selected, covering all possible types of vegetation found in the landscape. Time-series of MODIS (products MCD15A2-LAI and MOD13A2-EVI) data were downloaded for each study area for the years 2012 and 2013 from the United States Geological Survey (USGS), using the EarthExplorer tool (https://earthexplorer.usgs.gov/). All pixels of good quality, according to the MODIS Quality Assurance (QA) data, from the 8-day (MCD15A2) and 16-day (MOD13A2) image composites were used in subsequent analyses, excluding those that according to the GlobCover land cover product (300 m spatial resolution) were falling on -or close to -the borders of different land cover types (mixed pixels). Additionally, atmospherically corrected and geo-referenced (UTM/WGS84) Landsat 8 EVI images were downloaded for each study area and for dates close to the acquisition period of the LAI field measurements, through the Land Satellites Data System (LSDS) Science Research and Development (LSRD) platform provided by USGS (https://espa.cr.usgs.gov/).
Land-Use/Land-Cover (LULC) maps were created for all study areas at a local (1:50,000) scale, following the Land Cover Classification System (LCCS) developed by FAO. The 12 LCCS classes were further reduced to 6 more general classes, including types of biomes similar to those used by the MODIS land-cover: irrigated crops, rainfed crops, broadleaved forests, needle-leaved forests, shrublands and grasslands. The LULC maps were produced using spectral classification techniques (maximum likelihood classifier (MLC), majority voting fuser classifier and multistage classification) on digitally enhanced Landsat multispectral images and field surveyed data. If the overall accuracy of a created LULC map was below the threshold set at 80%, it was rejected from further processing. Preference was given to images that had minor cloud cover. Additionally, more than one coverage per study site (in different seasons) was used, in order to provide spectral information of different phenological stages of vegetation.
Methods
Due to the minor differences between band wavelengths of Landsat and MODIS data, it was decided to compare the level 1 products of the two satellites, as well as the EVI products directly. Therefore, a rescaling methodology using mean values was applied, converting all data to a spatial resolution of 1000 m.
Regression analysis was used to identify the model of LAI-EVI at pixel level for all MODIS data. Several regression types and scenarios were tested in order to identify the most important factors affecting the LAI-EVI relationship.
The data regression equations estimated from MODIS were then applied on Landsat EVI images of the same date in a downscaling model, in order to estimate LAI values per Landsat pixel. Landsat derived land cover maps were used to indicate the land-cover type associated with each pixel per image and study area. Evaluation of the estimated Landsat LAI was performed by comparison against LAI values measured in-situ, for dates as close as possible to the acquisition period of the field measurements.
RESULTS AND DISCUSSION
The comparison between the MODIS and Landsat datasets (Level 1 data and the EVI products) showed high R² (0.87-0.995) for the corresponding pixel values. The p probability value was statistically significant (p<0.0001) and the mean difference between the compared pixel values was not exceeding an absolute value of 0.031 in all cases examined and thus, the data was evaluated as directly comparable.
Regression analysis between MODIS LAI-EVI showed that a linear model can better describe their relationship across all examined vegetation types and dates. Vegetation type and seasonality had the highest influence on the relationship between LAI and EVI for all the examined study sites.
In order to compare the slope of the regression models across time, linear models were estimated with forcing the intercept equal to 0 (Figure 2) . The slope of the model showed that sensitivity of LAI vs EVI reached the maximum plateau between November and February for the southern hemisphere (Umbeluzi), and between June and August for the northern hemisphere. The highest sensitivity of LAI to EVI values was found first for the broadleaved forests, then for needle-leaved forests. The estimated MODIS LAI-EVI regression equations per vegetation type were used in the LAI downscaling model for the dates when a Landsat EVI image was available. A sample of the produced, downscaled LAI maps compared to the original one from MODIS is demonstrated in Figure 3 ) for the Umbeluzi study area.
Comparison of estimated and field-measured LAI values at the same locations was used to validate the LAI downscaling model (Table 1) . Even though there were more locations available with LAI field measurements than those finally validated in each study site (Table 1) , it was decided to discard in each relevant satellite LAI map the locations for which the corresponding data were of low quality, according to the data quality flags per date of interest. Two out of seven cases examined showed moderate level of correlation (0.5 < r < 0.7) and five out of seven showed high correlation (0.7 < r < 1). Minimum r values were observed during the rainy season for all the study areas.
In most of the examined cases, the mean difference showed overestimation of the field measured LAI compared to the high-resolution estimated LAI. The study area located in the southern hemisphere (Umbeluzi) showed higher correlation values compared to those of the northern hemisphere, during the comparison of the field measured LAI with the downscaled values. This is mainly due to the climate of Umbeluzi, where the temperature is relatively higher during dry seasons, resulting in more areas with low LAI/EVI pairs of values (dry vegetation), characterized by a strong linear relationship.
Limited samples per vegetation type on specific dates, the diversity of vegetation species within the same vegetation type, LULC changes, as well as saturated EVI values are the factors which most affect the downscaling model's accuracy.
CONCLUSIONS
A methodology to enhance MODIS LAI data to the Landsat spatial resolution level was demonstrated, after proving that MODIS and Landsat data could be integrated in the same model.
The downscaled LAI maps showed high visual similarity in the patterns of LAI value distribution, compared to the equivalent MODIS LAI maps. The results show that it is possible to use this methodology to produce a reliable map of LAI at a spatial resolution of 30 m.
The proposed method, when fully automated, can provide near real-time high resolution LAI maps, which constitute a crucial input to monitor drought and food production. The methodology is applicable to various climates and ecosystems, thus the starting project, AfriCultuRes (http://www.africultures.eu/), can rely on such inputs to feed its food security early warning systems for Africa. However, since AfriCultuReS is mainly devoted to the management of agricultural and pasture areas, the LAI/EVI correlation will be further analyzed by considering several test sites and crop types in Africa. In this regard, the AfriCultuReS project is committed to continuing the research efforts carried out thanks to funding from the EC FP7 MyWater project.
